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COMPENSATION SCHEME FOR
MULTI-COLOR ELECTROLUMINESCENT
DISPLAY

CROSS REFERENCE TO RELATED
APPLICATIONS

Reference 1s made to commonly assigned U.S. patent
application Ser. No. 11/766,823 filed Jun. 22, 2007/, entitled
“OLED Display with Aging and Efficiency Compensation™
by Levey et al.; U.S. patent application Ser. No. 11/946,392
filed Nov. 28, 2007 entitled “Electroluminescent Display
with Interleaved 3T1C” by White et al.; and U.S. patent
application Ser. No. 12/128,697 filed concurrently herewith
entitled “Compensation Scheme for Multi-Color Electrolu-
minescent Display” by Levey et al the disclosures of which
are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to solid-state electrolumines-
cent flat-panel displays and more particularly to such displays
having ways to compensate for the aging of the organic light
emitting display components.

BACKGROUND OF THE INVENTION

Electroluminescent (EL) devices are a promising technol-
ogy for flat-panel displays. For example, Organic Light Emat-
ting Diodes (OLEDs) have been known for some years and
have been recently used in commercial display devices. EL
devices use thin-film layers of materials coated upon a sub-
strate that emit light when electric current 1s passed through
them. In OLED devices, one or more of those layers includes
organic material. Using active-matrix control schemes, a plu-
rality of EL light-emitting devices can be assembled mto an
EL display. E EL device and a

EL pixels, each including an
drive circuit, are typically arranged in two-dimensional
arrays with a row and a column address for each pixel, and are
driven by a data value associated with each pixel to emait light
at a brightness corresponding to the associated data value. To
make a full-color display, one or more pixels of different
colors are grouped together, e.g. red, green, and blue. The
collection of all the pixels of a particular color 1s commonly
called a “color plane.” A monochrome display can be consid-
ered to be a special case of a color display having only one
color plane.

Typical large-format displays (e.g. having a diagonal of
greater than 12 to 20 inches) employ hydrogenated amor-
phous silicon thin-film transistors (a-S1 TFTs) formed on a
substrate to drive the pixels 1n such large-format displays.
Amorphous S1 backplanes are inexpensive and easy to manu-
facture. However, as described 1n “Threshold Voltage Insta-
bility Of Amorphous Silicon Thin-Film Transistors Under
Constant Current Stress™ by Jahinuzzaman et al. 1n Applied
Physics Letters 87, 023502 (2005), the a-S1 TFT's exhibit a
metastable shift in threshold voltage (V ., ) when subjected to
prolonged gate bias. This shiit 1s not significant in traditional
display devices such as LCDs, because the magmtude of
current required to switch the liquid crystals in LCD display
1s relatively small. However, for LED applications, much
larger currents must be switched by the a-S1 TFT circuits to
drive the EL matenals to emit light. Thus, EL displays
employing a-S1 TFT circuits generally exhibit a significant
V. shift as they are used. This V , shift can result in decreased
dynamic range and image artifacts. Moreover, the organic
materials in OLED and hybrid .

ElL. devices also deteriorate in
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relation to the integrated current density passed through them
over time, so that their efficiency drops while their resistance
to current, and thus forward voltage, increases. These effects
are described 1n the art as “aging” etfects.

These two factors, TF'T and EL aging, reduce the lifetime
of the display. Different organic materials on a display can
age at different rates, causing differential color aging and a
display whose white point varies as the display 1s used. If
some EL devices 1n the display are used more than others,
spatially differentiated aging can result, causing portions of
the display to be dimmer than other portions when driven with
a similar signal. This can result 1 visible burn-in. For
example, this occurs when the screen displays a single
graphic element 1n one location for a long period time. Such
graphic elements can include stripes or rectangles with back-
ground information, e.g. news headlines, sports scores, and
network logos. Diflerences 1n signal format are also problem-
atic. For example, displaying a widescreen (16:9 aspect ratio)
image letterboxed on a conventional screen (4:3 aspect ratio)
requires the display to matte the image, causing the 16:9
image to appear on a middle horizontal region of the display
screen and black (non-i1lluminated) bars to appear on the
respective top and bottom horizontal regions of the 4:3 dis-
play screen. This produces sharp transitions between the 16:9
image area and the non-1lluminated (matte) areas. These tran-
sitions can burn 1n over time and become visible as horizontal
edges. Furthermore, the matte areas are not aged as quickly as
the 1mage area in these cases, which can result 1n the matte
areas’ being objectionably brighter than the 16:9 1mage area
when a 4:3 (full-screen) image 1s displayed.

One approach to avoiding the problem of voltage threshold
shift in TF'T circuits 1s to employ circuit designs whose per-
formance 1s relatively constant in the presence of such voltage
shifts. For example, U.S. Patent Application Publication No.
2005/0269939 by Uchino et al, describes a pixel circuit hav-
ing a function of compensating for characteristic variation of
an electro-optical element and threshold voltage variation of
a transistor. The pixel circuit includes an electro-optical ele-
ment, a holding capacitor, and five-channel thin-film transis-
tors. Alternative circuit designs employ current-mirror driv-
ing circuits that reduce susceptibility to transistor
performance. For example, U.S. Patent Application Publica-
tion No. 2005/0180083 by Takahara et al. describes such a
circuit. However, such circuits are typically much larger and
more complex than the two-transistor, single capacitor
(2T1C) circuits otherwise employed, thereby reducing the
aperture ratio (AR), the percent of the area on a display
available for emitting light. The decrease in AR decreases the
display lifetime by increasing the current density through
cach EL device.

Other methods used with a-S1 TFT's rely upon measuring,
the threshold-voltage shift. For example, U.S. Patent Appli-
cation Publication No. 2004/0100430A1 by Fruehauf
describes an OLED pixel circuit including a conventional
2'T1C pixel circuit and a third transistor used to carry a current
to an off-panel current measurement circuit. As Vth shifts and
the OLED ages, the current decreases. This decrease 1n cur-
rent 1s measured and used to adjust the data value used to drive
the pixel. Stmilarly, U.S. Pat. No. 6,433,488 Bl by Bu,
describes using a third transistor to measure the current tlow-
ing through an OLED device under a test condition and com-
paring that current to a reference current to adjust the data
value. Additionally, Arnold et al., in commonly-assigned U.S.
Pat. No. 6,995,519, teach using a third transistor to produce a
teedback signal representing the voltage across the OLED,
permitting compensation of OLED aging but not Vth shaitt.
However, although these schemes do not require as many
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transistors as pixel circuits with internal compensation, they
do require additional signal lines on a display backplane to
carry the measurements. These additional signal lines reduce
aperture ratio and add assembly cost. For example, these
schemes can require one additional data line per column. Thas
doubles the number of lines that have to be bonded to driver
integrated circuits, increasing the cost of an assembled dis-
play, and increasing the probability of bond failure, thus

decreasing the yield of good displays from the assembly line.
This problem 1s particularly acute for large-format, high-
resolution displays, which can have over two thousand col-
umns. However, 1t also atfects smaller displays, as higher
bondout counts can require higher-density connections,
which are more expensive to manufacture and have lower
yield than lower-density connections.

Alternative schemes for reducing image burn-in have been
addressed for televisions using a cathode ray tube display.
U.S. Pat. No. 6,359,398, describes methods and apparatus
that are provided for equally aging a cathode ray tube (CRT).
Under this scheme, when displaying an 1image of one aspect
rat10 on a display of a different aspect ratio, the matte areas of
the display are driven with an equalization video signal. In
this manner, the CRT 1s uniformly aged. However, the solu-
tion proposed requires the use of a blocking structure such as
doors or covers that can be manually or automatically pro-
vided to shield the matte areas from view when the equaliza-
tion video signal 1s applied to the otherwise non-1lluminated
region of the display. This solution 1s unlikely to be accept-
able to most viewers because of the cost and inconvenience.
U.S. Pat. No. 6,359,398 also discloses that matte areas can be
illuminated with gray video having luminance intensity
matched to an estimate of the average luminous intensity of
the program video displayed in the primary region. As indi-
cated therein, however, such estimation 1s not pertect, result-
ing in a reduced, but still present, non-uniform aging.

U.S. Pat. No. 6,369,851 describes a method and apparatus
for displaying a video signal using an edge modification
signal to reduce spatial frequency and minimize edge burn
lines, or a border modification signal to increase brightness of
image content in a border area of a displayed image, where the
border area corresponds to a non-image area when displaying,
images with a different aspect ratio. However, these solutions
can cause objectionable 1image artifacts, for example reduced
sharpness or visibly brighter border areas in displayed
1mages.

The general problem of regional brightness differences due
to burn-in of specific areas due to video content has been
addressed 1n the prior art, for example by U.S. Pat. No. 6,856,
328. This disclosure teaches that the burn-in of graphic ele-
ments as described above can be prevented by detecting those
clements 1n the corners of the image and reducing their inten-
sity to the average display load. This method requires the
detection of static areas and cannot prevent color-differenti-
ated burn-in. An alternative technique 1s described in Japa-
nese Publication No. 2005-037843 A by Igarashi et al.
entitled “Camera and Display Control Device”. In this dis-
closure, a digital camera 1s provided with an organic EL
display that is prevented from burning in by employing a DSP
in the digital camera. The DSP changes the position of an icon
on the organic EL display by changing the position of the icon
image data in a memory every time that the camera 1s turned
on. Since the degree to which the display position 1s changed
1s approximately one pixel, a user cannot recognize the
change in the display position. However, this approach
requires a prior knowledge and control of the image signal
and does not address the problem of format differences.
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U.S. Patent Application Publication No. 2005/0204313 A1l
by Enoki et al. describes a further method for display screen
burn prevention, wherein an 1mage 1s gradually moved in an
oblique direction 1n a specified display mode. This and simi-
lar techniques are generally called “pixel orbiter” techniques.
Enoki et al. teach moving the image as long as it displays a
still image, or at predetermined intervals. Kota et al., in U.S.
Pat. No. 7,038,668, teach displaying the image 1n a different
position for each of a predetermined number of frames. Simi-
larly, commercial plasma television products advertise pixel
orbiter operational modes that sequentially shift the image
three pixels 1n four directions according to a user-adjustable
timer. However, these techniques cannot employ all pixels of
a display, and therefore can create a border effect of pixels
that are brighter than those pixels in the 1image area that are
always used to display image data.

Existing methods for mitigating 1mage burn-in on EL dis-
plays generally either require additional display circuitry or
mampulate the displayed image. Methods requiring addi-
tional display circuitry can reduce the lifetime of the display,
increase its cost, and reduce manufacturing yield. Methods
mampulating the displayed image cannot correct for all burn-
in. Accordingly, there 1s a need for an improved method and
apparatus for providing improved display uniformity in elec-
troluminescent flat-panel display devices.

SUMMARY OF THE INVENTION

It 1s therefore an object of the present invention to compen-
sate for aging and efficiency changes 1n electroluminescent
emitters 1n the presence of transistor aging.

This object 1s achieved by a method of determining char-
acteristics of transistors and electroluminescent devices 1n an
clectroluminescent display, comprising;:

(a) providing an electroluminescent display having a two-
dimensional array of electroluminescent devices arranged 1n
rows and columns, wherein each electroluminescent device 1s
driven by a drive circuit in response to a drive signal;

(b) providing for pairs of electroluminescent devices a first
drive circuit associated with the first electroluminescent
device, a second drive circuit associated with the second
clectroluminescent device, and a single readout line, each
drive circuit including a drive transistor having first, second,
and gate electrodes, and a readout transistor having first,
second, and gate electrodes, with each readout transistor of a
pair being electrically connected to the readout line;

(c) providing a first voltage source and a first switch for
selectively connecting the first voltage source to the first
electrodes of the drive transistors;

(d) providing a second voltage source and a second switch
for selectively connecting the electroluminescent devices to
the second voltage source;

(¢) providing a current source and a third switch for selec-
tively connecting the current source to the second electrode of
the readout transistors:

(1) providing a current sink and a fourth switch for selec-
tively connecting the current sink to the second electrode of
the readout transistors;

(g) providing a test voltage source for turning the drive
transistors on and off by applying potential to the gate elec-
trodes of the drive transistors;

(h) providing a voltage measurement circuit connected to
the second electrode of the readout transistors:

(1) sequentially testing the drive transistors of the first and
second drive circuits by closing the first and fourth switches,
opening the second and third switches, using the test voltage
source to turn on the drive transistor of the first drive circuit
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and turn off the drive transistor of the second drive circuit,
drawing a test current using the current sink, using the voltage
measurement circuit to measure the voltage at the second
clectrode of the readout transistor of the first drive circuit to
provide a first signal representative of characteristics of the
drive transistor of the first drive circuit, using the test voltage
source to turn off the drive transistor of the first drive circuit
and turn on the drive transistor of the second drive circuit, and
using the voltage measurement circuit to measure the voltage
at the second electrode of the readout transistor of the second
drive circuit to provide a second signal representative of char-
acteristics of the drive transistor of the second drive circuit,
whereby the characteristics of each drive transistor are deter-
mined; and

(1) ssmultaneously testing the first and second electrolumi-
nescent devices by opening the first and fourth switches, and
closing the second and third switches, using the test voltage
source to turn off both of the drive transistors, driving a test
current using the current source, and using the voltage mea-
surement circuit to measure the voltage at the second elec-
trode of the readout transistors to provide a third signal rep-
resentative of characteristics of the pair of electroluminescent
devices, whereby the characteristics of both electrolumines-
cent devices are determined.

An advantage of this mvention 1s an electroluminescent
(EL) display that compensates for the aging of the organic
materials in the display wherein circuitry aging 1s also occur-
ring, without requiring extensive or complex circuitry for
accumulating a continuous measurement of light-emitting
clement use or time of operation. It 1s a further advantage of
this ivention that 1t uses simple voltage measurement cir-
cuitry. It 1s a further advantage of this invention that by mak-
ing all measurements ol voltage, it 1s more sensitive to
changes than methods that measure current. It 1s a further
advantage of this invention that 1t performs the compensation
based separately on EL changes and changes in driving tran-
s1stor properties. It1s a further advantage of this invention that
compensation for changes in driving transistor properties can
be performed with compensation for the EL changes, thus
providing a complete compensation solution. It 1s a further
advantage of this invention that both aspects of measurement
and compensation (EL and driving transistor) can be accom-
plished rapidly. It 1s a further advantage of this invention that
characterization and compensation of driving transistor and
EL changes are unique to the specific element and are not
impacted by other elements that can be open-circuited or
short-circuited.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of an electroluminescent
pixel which can be useful 1n the present invention;

FIG. 2 1s a schematic diagram of an EL display which can
be usetul in the present invention;

FI1G. 3 1s a schematic diagram of one embodiment of a pixel
drive circuit for an electroluminescent device that can be used

in the practice of this invention;

FI1G. 4 15 a block diagram showing one embodiment of the
method of this invention; and

FIG. 5 1s a plan view of a portion of one embodiment of an
EL display that can be used in the practice of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

Turning now to FIG. 1, there 1s shown a schematic diagram
of an electroluminescent (EL) pixel as described by Levey et
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al. 1n above-cited commonly assigned U.S. patent application
Ser. No. 11/766,823. Such pixels are well known 1n the art 1n
active matrix EL displays. One useful example of an EL
display 1s an organic light-emitting diode (OLED) display.
EL pixel 100 includes a light-emitting ELL device 160 and a
drive circuit 105. EL pixel 100 1s connected to a data line 120,
a first power supply line 110 driven by a first voltage source
111, a select line 130, and a second power supply line 150
driven by a second voltage source 151. By “connected” or
“electrically connected” 1t 1s meant that the elements are
directly connected or connected via another component, e.g.
a switch, a diode, another transistor, etc. Drive circuit 105
includes a drive transistor 170, a switch transistor 180, and a
capacitor 190. Drive transistor 170 can be an amorphous-
s1licon (a-S1) thin-film transistor. It has first electrode 145, a
second electrode 155, and a gate electrode 165. First electrode
145 of drive transistor 170 1s connected to first power supply
line 110, while second electrode 155 1s connected to EL
device 160. In this embodiment of drive circuit 105, first
clectrode 145 of drive transistor 170 1s a drain electrode and
second electrode 155 1s a source electrode, and drive transis-
tor 170 1s an n-channel device. EL device 160 i1s a non-
inverted EL device that 1s connected to drive transistor 170
and to second voltage source 151 via second power supply
line 150. In this embodiment, the second voltage source 151
1s ground. Those skilled in the art will recognize that other
embodiments can use other sources as the second voltage
source. A switch transistor 180 has a gate electrode connected
to select line 130, as well as source and drain electrodes, one
of which 1s connected to a gate electrode 165 of drive tran-
sistor 170, and the other of which 1s connected to data line
120.

EL device 160 1s powered by flow of current between first
power supply line 110 and second power supply line 150. In
this embodiment, the first voltage source 111 has a positive
potential relative to the second voltage source 151, to cause
current to flow through drive transistor 170 and EL device
160, so that EL device 160 produces light. The magnitude of
the current—and therefore the intensity of the emitted light—
1s controlled by drive transistor 170, and more specifically by
the magnitude of the signal voltage on gate electrode 165 of
drive transistor 170. During a write cycle, select line 130
activates switch transistor 180 for writing, and the signal
voltage data on data line 120 1s written to drive transistor 170
and stored on a capacitor 190 that 1s connected between gate
clectrode 163 and first power supply line 110.

As discussed above, a-S1 transistors such as drive transistor
170, and EL devices such as 160, have aging effects. It 1s
desirable to compensate for such aging effects to maintain
consistent brightness and color balance of the display, and to
prevent image burn-in. For readout of values useful for such
compensation, drive circuit 105 further includes a readout
transistor 185, connected to the second electrode 155 of the
drive transistor 170 and to readout line 125. The gate elec-
trode of the readout transistor 185 can be connected to the
select line 130, or 1n general to some other readout-selection
line. The readout transistor 185, when active, electrically
connects second electrode 1535 to readout line 125 that carries
a signal oif the display to electronics 195. Electronics 195 can
include, for example, a gain builer and an A/D converter to
read the voltage at electrode 155.

Turming now to FIG. 2, there 1s shown a schematic diagram
of an EL display 20 as described by White et al. 1n above cited
commonly assigned U.S. patent application Ser. No. 11/946,
392. A display 20 includes a source driver 21, a gate driver 23,
and a display matrix 25. The display matrix 23 has a plurality
of EL pixels 100 arranged 1n rows and columns. Each row has
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a select line (131a, 1315, 131¢). Each column has a data line

(121a, 12156, 121c, 121d) and a readout line (126a, 1265,
126c, 126d). Each pixel includes a drive circuit and an EL
device, as shown in FIG. 1. Current 1s driven through each EL
device by a drive transistor 1n its corresponding drive circuit
in response to a drive signal carried on 1ts column’s data line
and applied to the gate electrode of the drive transistor. As EL
devices are generally current-driven, driving current through
an EL device with a drive circuit 1s conventionally referred to
as driving the EL device. The column of pixel circuits con-
nected to data line 121a will hereinaliter be referred to as
“column A.” and likewise for columns B, C, and D, as indi-
cated on the figure. The readout lines 1264 to 1264 are shown
dashed on FIG. 2 for clanty only, they are electrically con-
tinuous along the whole column. The data lines 121a to 1214
and the readout lines 126a to 1264 are all connected to source
driver 21, doubling the bond count required for external con-
nection when compared to a simple two-transistor, one-ca-
pacitor (211C) design. The readout lines can also be con-
nected to a readout circuit not included 1n the source driver.
The terms “row” and “column” do not imply any particular
orientation of the EL display. Rows and columns can be
interchanged without loss of generality. The readout lines can
be oriented 1n other configurations than parallel to the column
lines.

Turning now to FIG. 3, there 1s shown a schematic diagram
of one embodiment of an electroluminescent display includ-
ing a pixel drive circuit for an electroluminescent device,
which can be used 1n the practice of this invention. Display
200 1s an electroluminescent (EL) display that has a two-
dimensional array of pixels, e.g. pixels 205a, 2055, 205¢, and
2054, arranged 1n rows and columns. This embodiment uses
a quad pixel pattern, but other pixel patterns known in the art,
such as horizontal or vertical stripe, can be used with the
present invention. Each pixel has an electroluminescent (EL)

device and a drive circuit 1in association. For example, pixel

205a includes EL device 1614a, and a drive circuit comprising
drive transistor 171a, switch transistor 181a, capacitor 191a,
and readout transistor 1864, and 1s connected to first data line
140a. The transistors are amorphous-silicon thin-film transis-
tors and have first, second, and gate electrodes as described
above. The other pixels have corresponding structures, which
are correspondingly numbered. The EL device of each pixel 1s
driven by the corresponding drive transistor of the drive cir-
cuit in response to a drive signal, which is conveyed to the gate
clectrode of the drive transistor from a data line by the corre-
sponding switch transistor. The display includes data lines
(e.g. first and second data lines 140a and 1406) and select
lines (e.g. 135a and 1355H) for providing drive signals to the
subpixels as well-known 1n the art. Each column of pixels 1s
provided with a corresponding data line, e.g. first data line
140a for pixels 205a and 2055, and second data line 1405 for
pixels 205¢ and 2054, for providing drive signals to the drive
transistor to cause the corresponding EL devices to emit light.
The first electrode of the drive transistor 1s connected to first
power supply line 110, while the second electrode 1s con-
nected to the corresponding EL device and to a first electrode
of the corresponding readout transistor. The EL device 1s it
her connected to second power supply line 150. A first elec-
trode of the switch transistor 1s connected to a data line, and
the second electrode 1s connected to the gate electrode of the
drive transistor. The gate electrodes of the switch transistor
and the readout transistor are connected to a select line. The

light can be colored, e.g. by providing different emitters for
different pixels, or can be a single color or broadband-emiut-
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ting, e.g. white. Each row of pixels 1s provided with a corre-
sponding select line, e.g. select line 1354 for the row of pixels

205a and 205c¢.

The display further includes first power supply lines 110,
which are connected to a common first voltage source as
described above, and second power supply lines ISO, which
are connected to a common second voltage source as
described above. The display also includes first switch 210
and second switch 220 connected to first power supply line
110 and second power supply line 150, respectively. First
switch 210 and second switch 220 are desirably located off-
panel, and though not shown for the sake of clarity, the

switches are connected to all respective power supply lines on
the display. At least one first switch 210 and second switch
220 are provided for the OLED display. Additional first and
second switches can be provided it the OLED display has
multiple powered subgroupings of pixels. First switch 210
selectively connects a first voltage source, via first power
supply line 110, to a first electrode of the drive transistors, €.g.
drive transistor 171a. Second switch 220 selectively connects
a second voltage source, via second power supply line 150, to
the EL devices, e.g. EL device 161a. The display mcludes
readout line 141 and switch block 230. One switch block 230
and a single readout line 141 are provided for every two
columns of pixels. The readout line 141 1s connected to the
second electrode ol the readout transistors of the two columns
ol pixels. Pixels are connected to the readout line in pairs, e.g.
readout line 141 1s connected to readout transistors 186a and
186¢c of the pair of pixels 205q and 205¢. For discussion
purposes, one pixel of the pair will herein be referred to as the
first pixel, e.g. first pixel 2054a, while the other pixel of the pair
will be referred to as the second pixel, e.g. second pixel 205¢.
Similarly, the various components of the first and second
pixels will be referred to as first and second components,
respectively. Thus, first pixel 205a includes first EL device
161a and an associated first drive circuit that includes first
drive transistor 171a and first readout transistor 186a. Fur-
ther, the components of a pair of pixels will themselves be
referred to as pair of components. Thus, pixel pair 205a and
205¢ mclude a pair of EL devices 161a and 161c¢, a pair of
readout transistors 186a and 186¢, etc. Switch block 230
includes a third switch S3 and a fourth switch S4, and also a
no-connect state NC. Switch block 230 selectively connects
readout line 141 to current source 240 (selectively via third
switch S3) or current sink 245 (selectively via fourth switch
S4). In normal display mode, first and second switches 110
and 120 are closed, while other switches (described below)
are open; that s, switch block 230 1s set to NC. While the third
and fourth switches can be individual entities, they are never
closed simultaneously 1n this method, and thus switch block
230 provides a convenient embodiment of the two switches.
Switch block 230, current source 240, and current sink 245
can be provided located on or off the ELL display substrate.

Each pixel includes a readout transistor. The pixels are
arranged 1n pixel pairs wherein each pixel of the pair shares a
readout line and a select line. For example, pixels 2035a and
205¢ form a pair wherein readout transistor 186a and readout
transistor 186c¢ are electrically connected to readout line 141.
The gate electrodes of readout transistors 186a and 186¢ are
connected together to select line 1354a. Switch block 230 1s
used 1n conjunction with the readout transistors. The third
switch S3 permits current source 240 to be selectively con-
nected via readout line 141 to permit a predetermined con-
stant current to flow into the pixels. The fourth switch S4
permits current sink 243 to be selectively connected via sec-
ond data line 1405 to permait a predetermined constant current
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to flow from the pixels when a predetermined data value 1s
applied to an associated data line.

A voltage measurement circuit 260 1s further provided
connected to readout line 141. Voltage measurement circuit
260 measures voltages to derive a correction signal to adjust
the drive signals applied to the drive transistors. Voltage mea-
surement circuit 260 includes at least analog-to-digital con-
verter 270 for converting voltage measurements into digital
signals, and a processor 275. The signal from analog-to-
digital converter 270 1s sent to processor 275. Voltage mea-
surement circuit 260 can also include a memory 280 for
storing voltage measurements, and a low-pass filter 265 1
necessary. Other embodiments of voltage measurement cir-
cuits will be clear to those skilled 1n the art. Voltage measure-
ment circuit 260 can be connected through multiplexer 295 to
a plurality of readout lines 141 for sequentially reading out
the voltages from a predetermined number of pixels. Proces-
sor 275 can also be connected to data lines (e.g. first data line
140a and second data line 1405) by way of a digital-to-analog
converter 290. Thus, processor 2735 can also serve as a test
voltage source for applying a predetermined test potential to
the data lines, and therefore to the gate electrodes of the drive
transistors, during the measurement process to be described
herein. In this way, processor 275 can turn the drive transis-
tors on or off to current flow. Processor 275 can also accept
display data via data input 285 and provide compensation for
changes as will be described herein, thus providing compen-
sated data to the data lines during the display process.

Instead of a voltage measurement circuit, one can use a
compensation circuit such as a comparator to compare the
voltage on readout line 141 to a known reference. This can
provide a lower-cost apparatus than embodiments that
include a voltage measurement circuit.

A controller can also be provided for driving the specific
color subpixel to provide readout signals. The controller can
be processor 275. The controller can open and close any of the
first through fourth switches, can set current sink 245 to draw
a predetermined test current, and can set current source 240 to
drive a predetermined test current. This 1s shown schemati-
cally by a control bus 225. For clarity of illustration, control
bus 225 1s only shown to switch block 230 and current source
240, but 1t will be understood that control bus 225 can permit
the controller to set any switch, current sink, current source,
data lines, select lines, or multiplexer, as required, and can
therefore control the process described below.

In normal operation, the display operates as an active-
matrix display as well-known 1n the art. First switch 210 and
second switch 220 are closed 1n normal operation, while third
and fourth switches S3 and S4 are open (that 1s, switch block
230 1s set to NC). Data 1s placed upon data lines (e.g. 140aq,
1405) and an appropriate select line (e.g. 135a) 1s activated to
place that data onto the gate electrodes of the corresponding,
drive transistors to drive the corresponding EL devices at the
desired level.

Each pixel of the display has another mode, which will
herein be called readout mode. In readout mode, first and
second switches 210 and 220 and switch block 230 are
manipulated along with the select lines and data placed on the
data lines so as to provide measurements representative of
characteristics of the drive transistors and the EL devices.
Readout mode has three distinct measurements for each pair
of pixels. The measurements will be demonstrated for pixels
2054 and 205¢, which for this discussion will be termed the
first and second pixels, respectively, with associated first and
second EL devices, first and second drive circuits, and first
and second drive transistors. For the first two measurements,
first switch 210 1s closed and second switch 220 1s opened.,
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and switch block 230 1s set to S4 such that fourth switch 5S4 1s
closed and third switch S3 1s opened. Processor 275, acting as
a test voltage source, places a potential on data line 1404 that
will turn on first drive transistor 171a, and a potential on data
line 14054 that will turn off second drive transistor 171¢, and
select line 1354 1s activated to write these potentials to the
gate electrodes of the respective drive transistors. Current
sink 245, which 1s connected to readout line 141 via fourth
switch S4, 1s set to draw a test current, I .. Select line 135a
also activates readout transistors 186a and 186c¢, thus permiut-
ting current to flow from first power supply line 110 to current
sink 245 and permitting readout line 141 to receive a first
readout signal from pixels 205aq and 205¢. Since second drive
transistor 171¢ was turned off, the readout signal will be
representative of characteristics of first drive transistor 171a,
including the threshold voltage of the transistor.

Processor 275 can place a potential on data line 140qa that
will turn off first drive transistor 171a, and a potential on data
line 1405 that will turn on second drive transistor 171¢. Read-
out line 141 then recerves a second readout signal from pixels
20354 and 205¢ wherein the readout signal will be represen-
tative of characteristics of second drive transistor 171c.

For the third measurement, first switch 210 1s opened and
second switch 220 1s closed, and switch block 230 1s setto S3
such that third switch S3 1s closed and fourth switch S4 1s
opened. Processor 275, acting as a test voltage source, places
a potential on data lines 140a and 14056 that will turn off first
and second drive transistors 171a and 171c¢, and select line
135a 1s activated to write these potentials to the gate elec-
trodes of the drive transistors. Current source 240, which 1s
connected to readout line 141 via third switch S3, 1s set to
drive a test current 1., . Select line 135q also activates
readout transistors 186a and 186¢, thus permitting current to
flow from current source 240 to second power supply line 150
and permitting readout line 141 to receive a third readout
signal from pixels 205a and 205¢. Since current can flow
through both ELL devices 161a and 161c¢, the readout signal
will be representative of characteristics of both ELL devices,
including the resistance of the EL devices.

Turning now to FIG. 4, and referring also to FIG. 3, there 1s
shown a block diagram of one embodiment of the method of
determining characteristics of transistors and EL devices 1n
an EL display, and of compensating for changes 1n the char-
acteristics, as embodied 1n the present invention. The method
separately and sequentially tests the drive transistor of each
pixel of a paitr, and simultaneously tests the EL devices of the
pair. First switch 210 1s closed and second switch 220 1s
opened. The fourth switch 1s closed and the third switch 1s
opened, that 1s, switch block 230 1s switched to S4 (Step 410).
Current sink 243 1s set to draw a predetermined test current
(Step 415). Current can potentially flow from first power
supply line 110 through readout line 141 and current sink 245
for pixels wherein the drive transistors and readout transistors
are activated. The test voltage source, e¢.g. processor 275,
provides a first predetermined test potential (V , ) to first
data line 140a and a second predetermined test potential (V)
to second data line 14056. These potentials will thus be pro-
vided to the gate electrodes of first and second drive transis-
tors 171a and 171c¢ of the first and second drive circuits,
respectively, when select line 135q 15 activated. Select line
135a also activates readout transistors 186a and 186c¢. First
potential V , _ 1s selected to be sullicient to cause a current
flow through drive transistor 171a, while second potential V|,
1s below the threshold voltage of the transistor, and 1s desir-
ably zero, so that no current will flow through drive transistor
171¢. Thus, first drive transistor 171a 1s turned on, while
second drive transistor 171c¢ 1s turned off (Step 420). A cur-




US 7,696,773 B2

11

rent thus flows from first power supply line 110 through drive
transistor 171a and readout line 141 to current sink 245, The
value of current (1, __, . ) through current sink 245 1s selected to
be less than the resulting current would be through drive
transistor 171a due to the application ol V ,___; a typical value
will be 1n the range of 1 to 5 microamps and will be constant
for all measurements during the lifetime of the pixel. V,
therefore must be suilicient to provide a current through
drive-transistor 171a greater than that at current sink 2435 even
alter aging expected during the lifetime of the display. The
limiting value of current through drive transistor 171a will be
controlled entirely by current sink 245. The value otV , . can
be selected based upon known or determined current-voltage
and aging characteristics of drive transistor 171a. More than
one measurement value can be used 1n this process, €.g. one
can choose to do the measurement at 1, 2, and 3 microamps
using a value of V. that 1s sullicient to remain constant for
the largest current during the lifetime of the OLED drive
circuit. Voltage measurement circuit 260 1s used to test drive
transistor 171a by measuring the voltage on readout line 141,
which 1s the voltage at the second electrode of readout tran-
sistor 186a of the first drive circuit, providing a first readout
signal V, that 1s representative of characteristics, including
the threshold voltage V ,, , of first drive transistor 171a (Step
425).

Processor 275 then provides potential V , . to second data
line 14056 and to second drive transistor 171¢, and provides
potential V, to first data line 140a and to first drive transistor
171a. Thus, first drive transistor 171a 1s turned off, while
second drive transistor 171c¢ 1s turned on (Step 430). Voltage
measurement circuit 260 1s used to test drive transistor 171c¢
by measuring the voltage on readout line 141, which 1s the
voltage at the second electrode of readout transistor 186¢ of
the second drive circuit, providing a second readout signal V,
that 1s representative of characteristics, including the thresh-
old voltage V ,, of second drive transistor 171¢ (Step 433).

The first and second EL devices are then tested simulta-
neously. First switch 210 1s then opened and second switch
2201s closed. The fourth switch 1s opened and the third switch
1s closed, that 1s, switch block 230 1s switched to S3 (Step
440). The potential of data lines 140a and 1405 are both set to
V, by processor 275, thus turning off both drive transistors
171a and 171c¢ (Step 445). Current source 240 1s set to drive
a predetermined test current (Step 450). A current, I, . thus
flows from current source 240 through readout line 141 and
EL devices 161a and 161c¢ to second power supply line 150.
The value of current through current source 240 1s selected to
be less than the maximum current possible through the EL
devices; a typical value will be 1n the range of 1 to 5 micro-
amps per pixel and will be constant for all measurements
during the lifetime of the OLED drive circuit. More than one
measurement value can be used in this process, €.g. one can
choose to do the measurement at 1, 2, and 3 microamps.
Voltage measurement circuit 260 1s used to test the EL device
by measuring the voltage on readout line 141, which i1s the
voltage at the second electrode of readout transistors 1864
and 186¢, providing a third readout signal V ; that 1s represen-
tative of characteristics, including the resistance, of the pair of
EL devices (Step 455). I there are additional pairs of pixels in
the row to be measured (Step 460), multiplexer 295 connected
to a plurality of readout lines 141 can be used to permit
voltage measurement circuit 260 to sequentially read out the
readout signals V,, V,, and V, for a predetermined number of
pixels, e.g. every pair of pixels in the row, and steps 410 to 4355
are repeated as necessary. I the display 1s suificiently large, 1t
canrequire a plurality of multiplexers wherein the signals can
be provided in a parallel/sequential process. If there are no
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more pixels to be read 1n the row, but there are additional rows
of circuits to be measured in the display (Step 465), Steps 410
to 460 are repeated for each row. At the end of the process, the
characteristics of the transistors and EL devices can be deter-
mined, and the necessary changes for each pixel can be cal-
culated (Step 470), which will now be described.

Transistors such as drive transistor 171a have a character-
istic threshold voltage (V ;). The voltage on the gate electrode
of drive transistor 171a must be greater than the threshold
voltage to enable current flow between the first and second
clectrodes. When drive transistor 171a 1s an amorphous sili-
con transistor, the threshold voltage 1s known to change under
aging conditions. Such conditions include placing drive tran-
sistor 171a under actual usage conditions, thereby leading to
an increase in the threshold voltage. Therefore, a constant
signal on the gate electrode can cause a gradually decreasing
light intensity emitted by EL device 161a. The amount of
such decrease will depend upon the use of drive transistor
171a; thus, the decrease can be different for different drive
transistors 1 a display, herein termed spatial variations in
characteristics of display 200. Such spatial vanations can
include differences 1n brightness and color balance 1n differ-
ent parts of the display, and image “burn-in” wherein an
often-displayed image (e.g. a network logo) can cause a ghost
of itself to always show on the active display. It 1s desirable to
compensate for such changes 1n the threshold voltage to pre-
vent such problems. Also, there can be age-related changes to
EL. device 161la, e.g. luminance efficiency loss and an
increase in resistance across EL device 161a.

For the first readout signal, the voltages of the components
in the circuit can be related by:

I71 Vda tax Vgs (ltestsk)y Vr&*cxcf (Eq 1)

where V.. 18 the gate-to-source voltage that must be
applied to drive transistor 171a such that its drain-to-source
current, I, ,1sequaltol, . .. The values of these voltages will
cause the voltage at the second electrode of readout transistor
1864, that 1s, the electrode connected to readout line 141, to
adjust to fulfill Eq. 1. Under the conditions described above,
V., 1s a set value and V,__, (the voltage change across
readout transistor 186a) can be assumed to be constant. V
will be controlled by the value of the current set by current
sink 243 and the current-voltage characteristics of drive tran-
sistor 171a, and will change with age-related changes in the
threshold voltage of the drive transistor. To determine the
change 1n the threshold voltage of drive transistor 171a, two
separate test measurements are performed. The first measure-
ment 1s performed when drive transistor 171a 1s not degraded
by aging, e.g. before display 200 1s used for display purposes,
to cause the voltage V, to be at a first level, which 1s measured
and stored. Since this 1s with zero aging, 1t can be the 1deal first
signal value, and will be termed the first target signal. After
drive transistor 171a has aged, e.g. by displaying images for
a predetermined time, the measurement i1s repeated and
stored. The stored results can be compared. Changes to the
threshold voltage of drive transistor 171a will cause a change
to V_, to maintain the current. These changes will be reflected
n changes to V, 1in Eq. 1, so as to produce voltage V, at a
second level, which can be measured and stored. Changes n
the corresponding stored signals can be compared to calculate
a change in the readout voltage V,, which 1s related to the
changes 1n drive transistor 171a as follows:

AV, (Eq. 2)

Thus, a value oI —AV, canbe derived for a correction signal
tor pixel 2054 based on the characteristics of drive transistor
171a of that pixel.

AV ==-AV,,
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The second readout signal V, can be analyzed similarly.
For the third readout signal, the voltages of the components
in the circuit can be related by:

VimCV+V g+,

et

(Eq. 3)

where V.., 1s the potential loss across EL devices 161a and
161c. The values of these voltages will cause the voltage at the
second electrode of readout transistors 186a and 186c¢ to
adjust to fulfill Eq. 3. Under the conditions described above,
CV 1s a set value (the voltage of second power supply line
150) and V___, can be assumed to be constant. V., will be
controlled by the value of current set by current source 240
and the current-voltage characteristics of EL devices 161a
and 161c. V-, can change with age-related changes in the EL
devices. Because the change in V., 1s the result of changes 1n
two pixels, 1t 1s important that the EL devices of the pixels
undergo similar aging. The pixels can undergo similar aging,
if 1) the two pixels are adjacent 1n the same color plane, and
2) the location of the 1image 1s changed over time, as will be
described below. “Adjacent™ for a color display means “adja-
cent, discounting intervening columns or rows of different
colors” according to common practice in the color image
processing art. To determine the change 1n 'V .,, two separate
test measurements are performed. The first measurement 1s
performed when the EL devices are not degraded by aging,
¢.g. betfore display 200 1s used for display purposes, to cause
the voltage V, to be at a first level, which 1s measured and
stored. Since this 1s with zero aging, i1t can be the 1deal third
signal value, and will be termed the third target signal. After
EL devices have aged, e.g. by displaying images for a prede-
termined time, the measurement 1s repeated and stored. The
stored results can be compared. Changes 1n EL devices 161a
and 161c can cause changes to V., to maintain the current.
These changes will be reflected in changes to V, in Eq. 3, so
as to produce voltage V, at a second level, which can be
measured and stored. Changes in the corresponding stored
signals can be compared to calculate a change 1n the readout
voltage, which 1s related to the changes 1n EL devices 161a
and 161¢ as follows:

Thus, a value of AV, can be derived for a correction signal
tor pixels 20354 and 205¢ based on the resistance characteris-
tic of the EL devices of those pixels.

The changes 1n the first, second, and third signals can then
be used to compensate for changes in characteristics of pixels
205a and 205¢ (Step 470). For compensating for the change
in current, 1t 1s necessary to make a correction for AV, (re-
lated to AV, or AV,) and AV ., (related to AV ;). However, a
third factor also atfects the luminance of the EL device and
changes with age or use: the efficiency of the EL device
decreases, which decreases the light emitted at a given cur-
rent, as described by Levey et al. in abovecited commonly
assigned U.S. patent application Ser. No. 11/766,823, the
disclosure of which is imcorporated herein by reference. In
addition to the relations above, Levey et al. described a rela-
tionship between the decrease 1n luminance efficiency of an
EL device and AV, that 1s, where the EL luminance for a
given current 1s a function of the change in V., :

L Eq. 5
I—&=f(ﬁVEL) (£ )
EL

By measuring the luminance decrease and its relationship
to AV, with a given current, a change 1n corrected signal
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necessary to cause the EL device to output a nominal Iumi-
nance can be determined. This measurement can be done on
a model system and thereatter stored in a lookup table or used
as an algorithm.

To compensate for the above changes 1n characteristics of
transistors and EL devices of pixel 205a, one can use the
changes 1n the first and third signals 1n an equation of the

form:

AV i TIAV LAV 3(AVS)

(Eq. 0)

where AV , 15 a correction signal used to adjust the drive
signal applied to the gate electrode of drive transistor of the
specific pixel (e.g. drive transistor 171a) so as to maintain the
desired luminance, 1,(AV,) 1s a correction signal for the
change 1n threshold voltage of drive transistor 171a, 1,(AV ;)
1s a correction signal for the change in resistance of EL device
161a, and 1;(AV,) 1s a correction signal for the change 1n
eificiency of EL device 161a. For example, the EL display can
include a controller which can include a lookup table or
algorithm to compute an offset voltage for each measured EL
device. The correction signal 1s computed to provide correc-
tions for changes in current due to changes in the threshold
voltage of drive transistor 171a and aging of EL device 161a,
as well as providing a current increase to compensate for
elficiency loss due to aging of EL device 1614, thus providing
a complete compensation solution for the measured pixel.
These changes can be applied by the controller to correct the
light output to the nominal luminance value desired. By con-
trolling the drive signal applied to the EL device, an EL device
with a constant luminance output and increased lifetime at a
given luminance 1s achieved. Similarly, one can use the
changes in the second and third signals to provide a correction
signal for pixel 205¢. Because this method provides a correc-
tion for each measured EL device 1n a display, 1t will com-
pensate for spatial variations 1n the characteristics of a plu-
rality of EL circuits.

This method can also correct for variations 1n the charac-
teristics of a plurality of EL circuits on a panel before aging.
This can be usetul, for example, 1n panels using low-tempera-
ture polysilicon (LTPS) transistors, which can have non-uni-
form threshold voltage and mobility across a panel. At any
time, for example when a panel 1s manufactured, this method
can be employed to measure values for V, of each pixel 205a
on the display, as described above. Then, a first target signal
can be selected or calculated from the V, measurements. For
example, the maximum measured V, or the average of all V
values can be selected as the first target signal. This first target
signal can then be used as the first level of voltage V, 1n Eq. 2,
and the actual measured V, for each pixel can be used as the
second level of voltage V,. This permits compensation for
variations in the characteristics of drive transistor 171a before
aging. In the same manner, V, can be measured for each pixel
205¢ and compensation applied using Eq. 2. V; can be mea-
sured for each EL device pair 161a and 161¢ and a selected,
maximum or average V, used as the third target signal. This
third target signal can be used as the first level of voltage V.,
in Eq. 3, and each individual V, measurement as the second
level of voltage V,, to apply compensation for variations in
the characteristics of EL device pairs across the display. In
cases where mobility varies across a panel, V, and V, can be
measured at two different values of I _, . each. This provides
two points which can be used to determine both the offset (due
to V) and the slope (due to mobility) of the transfer curves of
drive transistors 171a and 171c¢ respectively.

Turming now to FIG. 5, there 1s shown a plan view of a
portion of one embodiment of an EL display that can be used
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in the practice of the present mvention. EL display 500
includes a two-dimensional array of pixels arranged 1n rows
and columns wherein each pixel has an EL device and a drive
circult as described herein, and wherein the EL. devices can
emit light of different colors, e.g. red, green, and blue. This
can be achieved by providing different colored emitters, or
alternately by providing broadband, e.g. white, emitters
coupled with color filters as known 1n the art. Each EL device
1s driven by the corresponding drive circuit 1n response to a
drive signal, as described above, to provide an 1mage on EL
display 500. Pixel groups are indicated by the heavier lines.
Three pixels, indicated by lighter lines, form each pixel
group. The pixel groups will be referred to 1n this discussion
ay a row 1dentifier (A to G) and a column identifier (X to 7).
For example, red pixel 510, green pixel 520, and blue pixel
530 include pixel group AX. Thus, each pixel group provides
a unit capable of displaying a wide range of colors. Adjacent
pixels of the same color are paired as described 1n FIG. 3. For
example, in one embodiment, red pixel 510 can be paired with
red pixel 540. In another embodiment, red pixel 510 can be
paired with red pixel 570. Similarly, each green and blue pixel

will be paired with an adjacent pixel of the same color. For the
remainder of his discussion, 1t will be considered that pixel

510 1s paired with pixel 540.

To correct for aging, a correction signal can be derived
based on the characteristics of the transistors 1n a drive circuit,
or the FEL. device, or both, as described above. However, a
correction signal for only a pair of EL devices 1s determined
this way. This correction signal can be used to correct for
burn-in by adjusting the drive signals applied to the first pixel
and one or more adjacent second pixels. Because different
colored pixels can be utilized differently and thus have dii-
ferent aging characteristics, 1t 1s desirable that the adjustment
be determined and performed on adjacent pixels 1n the same
color plane. For example, the correction signal for red pixel
510 can 1nclude a correction for aging of the drive transistor
of pixel 510, and a correction for the aging of the EL devices
in pixels 510 and 540. Stmilarly, the correction signal for red
pixel 540 can include a correction for aging of the drive
transistor ol pixel 540, and a correction for the aging of the EL
devices 1n pixels 510 and 540.

Some 1mages create burn-in patterns with sharp edges
when displayed for long periods of time. For example, letter-
boxing, as described above, creates two sharp horizontal
edges between the 16:9 1image area and the matte areas. As a
result, 1t 1s desirable for the correction signals to have a sharp
transition at these boundaries to provide an appropriate com-
pensation. It can therefore be advantageous to apply edge
detection algorithms as known in the art to the correction
signals of a plurality of the pixels of one or more color planes
of the display to determine the location of these sharp transi-
tion boundaries for pixels for which the compensation 1s only
measured as part of a pair of pixels. These algorithms can be
employed to determine the presence of sharp transitions. A
sharp transition of the correction signals 1s a significant dif-
ference 1n values of the correction signals between adjacent
pixels, or between pixels within a defined distance of each
other. A signmificant change can be a diflerence between cor-
rection signal values of at least 20%, or a difference of at least
20% of the average of a group of neighboring values. Sharp
transitions can follow lines, e.g. along horizontal, vertical or
diagonal dimensions. In such a linear sharp transition, any
pixel will have a significant difference in correction signal
value compared to an adjacent pixel on the opposite side of
the sharp transition. For example, a sharp transition between
two adjacent columns 1s characterized by a significant differ-
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ence between each pixel 1n one column and an adjacent pixel
of the same color plane in the same row.

The location of a sharp transition can be determined using
EL correction signals from neighboring pixels in the same
color plane or from drive transistor correction signals for the
assoclated FL devices. If such a transition 1s found to occur,
EL correction signals from pixels on the same side of the
transition as evidenced by drive transistor corrections can be
given higher weight than correction signals from first pixels
on the opposite side of the transition as the second pixel. This
can improve image quality in displays with sharp-edged burn-
in patterns with no extra hardware cost. Specifically, this
method can be applied by locating one or more sharp transi-
tions 1n the correction signals over the two-dimensional EL
pixel array using edge-detection algorithms as known in the
art; and, for each sharp transition, using the correction signal
for a first pixel to adjust the drive signals applied to the first
pixel and one or more adjacent second pixels on the same side
of the sharp transition. It can be desirable to combine this
analysis of burn-in edges, represented by sharp transitions 1n
the correction signals, with an analysis of 1mage content to
determine how to apply correction signals to second pixels, as
described by White et al., 1n above cited commonly assigned
U.S. patent application Ser. No. 11/946,392 the disclosure of
which 1s incorporated herein by reference.

This method for compensating for changes in an EL dis-
play can be combined with changing the location of the image
over time. For example, in the EL display shown in FIG. 5, the
image can initially be positioned so that it originates at pixel
group AX, that 1s, so that 1ts upper-left corner 1s at pixel 510.
After some time has passed, the 1image can be moved one
pixel group to the right so that 1t originates at pixel group AY.
Specifically, the image will be displayed originating at pixel
group AX for some time, then there will be a final frame at that
position, and the next frame will show the 1mage originating
at pixel group AY. Viewers generally cannot see such move-
ment 1n between frames unless the movement amount 1s very
large. After the image has been moved, at a later time, the
image can be moved back to originate at pixel group AX. In
this way, pixel groups AX and AY will be driven with the same
average data over time, and so will age approximately the
same. This makes determining a combined EL device com-
pensation, e.g. for pixels 510 and 540, more effective. In order
to improve the accuracy of averaging, therefore, the move-
ment of the 1image can be confined to the space covered by an
averaging operation. Additionally, various movement pat-
terns have been taught, for example 1n U.S. Patent Applica-
tion Publication No. 2005/0204313 Al.

As discussed above, the prior art teaches various methods
for determining when to change the location of the image.
However, 1n an EL display, repositioning can be visible while
a still image 1s shown due to the fast subpixel response time of
an EL display compared to e.g. an LCD display. Further,
changes at predetermined intervals can become visible over
time as the human eye 1s optimized to detect regularity in
anything 1t sees. Finally, 1n a television application, the dis-
play can be active for hours or days at a time, so repositioning
the 1mage at display startup can be insuilicient to prevent
burn-in.

It can be advantageous, therefore, to reposition the 1mage
as olten as possible without the movement becoming visible
to the user. The location of the image can advantageously be
changed after a frame of all-black data signals, or more gen-
crally after a frame that has a maximum data signal at or
below a predetermined threshold. The predetermined thresh-
old can be a data signal representing black. For example,
during TV viewing, the image can be repositioned between
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two of the several black frames between commercials. The
data signals for different color planes can have the same or
different predetermined thresholds. For example, since the
eye 1s more sensitive to green light than to red or blue, the
threshold for green can be lower than the threshold for red or
blue. In this case, the location of the 1mage can be changed
alter a frame that has a maximum data signal 1n each color
plane at or below the selected threshold for that color plane.
That 1s, 11 a data signal 1n any color plane 1s above the selected
threshold for that color plane, the location of the image can be
left unchanged to avoid visible motion.

Additionally, the location of the image can be changed at
least once per hour. The location of the image can be changed
during fast motion scenes, which can be 1dentified by image
analysis as known in the art (e.g. motion estimation tech-
niques). The times between successive changes of the image
location can be different.

The 1nvention has been described 1n detail with particular
reference to certain preferred embodiments thereof, but 1t will
be understood that variations and modifications can be
elfected within the spirit and scope of the invention.

Parts List

20 EL display

21 source driver

23 gate driver

25 EL pixel matrix

100 EL pixel

105 EL drive circuit

110 first power supply line
111 first voltage source

120 data line
121a data line
1215 data line
121¢ data line
121d data line
125 readout line
126a readout line
12654 readout line
126¢ readout line
126d readout line
130 select line
131a select line
1315 select line
131c¢ select line
135a select line
13554 select line
140q data line
14056 data line
141 readout line
145 first electrode
150 second power supply line
151 second voltage source

155 second electrode
160 EL device

161a EL device

161¢ EL device

165 gate electrode

170 drive transistor
171a drive transistor
171¢ drive transistor
180 switch transistor
181a switch transistor
185 readout transistor
186a readout transistor

186¢ readout transistor
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190 capacitor
191a capacitor
195 electronics

200 EL display
20354 pixel
2055 pixel
205¢ pixel
2054 pixel
210 first switch
220 second switch
225 control bus
230 switch block
240 current source
245 current sink

260 voltage measurement circuit
265 low-pass filter

270 analog-to-digital converter
275 processor

280 memory

2835 data mput

290 digital-to-analog converter
295 multiplexer

410 block

415 block

420 block

425 block

430 block

435 block

440 block

445 block

450 block

455 block

460 decision block
465 decision block
470 block

500 EL display
510 pixel
520 pixel
530 pixel
540 pixel
570 pixel

The mvention claimed 1s:

1. A method of determining characteristics of transistors
and electroluminescent devices 1n an electroluminescent dis-
play, comprising:

(a) providing an electroluminescent display having a two-
dimensional array of electroluminescent devices
arranged 1n rows and columns, wherein each electrolu-
minescent device 1s driven by a drive circuit 1n response
to a drive signal;

(b) providing for pairs of electroluminescent devices a first
drive circuit associated with the first electroluminescent
device, a second drive circuit associated with the second
clectroluminescent device, and a single readout line,
cach drive circuit including a drive transistor having
first, second, and gate electrodes, and a readout transis-
tor having first, second, and gate electrodes, with each
readout transistor of a pair being electrically connected
to the readout line;

(¢) providing a first voltage source and a first switch for
selectively connecting the first voltage source to the first
electrodes of the drive transistors;

(d) providing a second voltage source and a second switch
for selectively connecting the electroluminescent
devices to the second voltage source;
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() providing a current source and a third switch for selec-
tively connecting the current source to the second elec-
trode of the readout transistors;

(1) providing a current sink and a fourth switch for selec-
tively connecting the current sink to the second electrode
of the readout transistors:

(g) providing a test voltage source for turning the drive
transistors on and off by applying potential to the gate
electrodes of the drive transistors:

(h) providing a voltage measurement circuit connected to
the second electrode of the readout transistors:

(1) sequentially testing the drive transistors of the first and
second drive circuits by closing the first and fourth
switches, opening the second and third switches, using
the test voltage source to turn on the drive transistor of
the first drive circuit and turn off the drive transistor of

the second drive circuit, drawing a test current using the
current sink, using the voltage measurement circuit to
measure the voltage at the second electrode of the read-
out transistor of the first drive circuit to provide a {first
signal representative of characteristics of the drive tran-
sistor of the first drive circuit using the test voltage
source to turn off the drive transistor of the first drive
circuit and turn on the drive transistor of the second drive
circuit, and using the voltage measurement circuit to
measure the voltage at the second electrode of the read-
out transistor of the second drive circuit to provide a
second signal representative of characteristics of the
drive transistor of the second drive circuit, whereby the
characteristics of each drive transistor are determined;
and

(1) stmultaneously testing the first and second electrolumi-
nescent devices by opening the first and fourth switches,
and closing the second and third switches, using the test
voltage source to turn off both of the drive transistors,
driving a test current using the current source, and using
the voltage measurement circuit to measure the voltage
at the second electrode of the readout transistors to pro-
vide a third signal representative of characteristics of the
pair of electroluminescent devices, whereby the charac-
teristics of both electroluminescent devices are deter-
mined.

2. The method of claim 1, wherein the transistors are amor-

phous-silicon thin-film transistors.

3. The method of claim 1, wherein electroluminescent
devices are OLED devices.

4. The method of claim 1, wherein the second electrode of
cach drive transistor 1s connected to the corresponding elec-
troluminescent device and to the first electrode of the corre-
sponding readout transistor.

5. The method of claim 1, wherein the gate electrodes of the
readout transistors in a pair of electroluminescent devices are
connected together.

6. The method of claim 1, wherein the display includes
clectroluminescent devices emitting light of different colors,
and wherein each electroluminescent device 1n a pair emits
light of the same color.

7. A method of determining characteristics of transistors
and electroluminescent devices 1n an electroluminescent dis-
play, comprising;:

(a) providing the electroluminescent display having a two-
dimensional array of pixels arranged in rows and col-
umns, each pixel including an electroluminescent
device, wherein each electroluminescent device 1s
driven by a drive circuit 1n response to arespective drive
signal to emit light at a brightness corresponding to the
respective drive signal;
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(b) selecting a first pixel and a first plurality of pixels
including the first pixel to provide an 1mage originating,
at the first pixel using the first plurality of pixels;

(¢) providing for pairs of electroluminescent devices a first
drive circuit associated with the first electroluminescent
device, a second drive circuit associated with the second
clectroluminescent device, and a single readout line,
cach drive circuit including a drive transistor having
first, second, and gate electrodes, and a readout transis-
tor having first, second, and gate electrodes, with each
readout transistor of a pair being electrically connected
to the readout line;

(d) providing a first voltage source and a first switch for
selectively connecting the first voltage source to the first
electrodes of the drive transistors;

(e) providing a second voltage source and a second switch
for selectively connecting the electroluminescent
devices to the second voltage source;

(1) providing a current source and a third switch for selec-
tively connecting the current source to the second elec-
trode of the readout transistors;

(g) providing a current sink and a fourth switch for selec-
tively connecting the current sink to the second electrode
of the readout transistors:

(h) providing a test voltage source for turning the drive
transistors on and ofl by applying potential to the gate
electrodes of the drive transistors;

(1) providing a voltage measurement circuit connected to
the second electrode of the readout transistors;

(1) sequentially testing the drive transistors of the first and
second drive circuits by closing the first and fourth
switches, opening the second and third switches, using
the test voltage source to turn on the drive transistor of
the first drive circuit and turn oif the drive transistor of

the second drive circuit, drawing a test current using the
current sink, using the voltage measurement circuit to
measure the voltage at the second electrode of the read-
out transistor of the first drive circuit to provide a first
signal representative of characteristics of the drive tran-
sistor of the first drive circuit, using the test voltage
source to turn off the drive transistor of the first drive
circuit and turn on the drive transistor of the second drive
circuit, and using the voltage measurement circuit to
measure the voltage at the second electrode of the read-
out transistor of the second drive circuit to provide a
second signal representative of characteristics of the
drive transistor of the second drive circuit, whereby the
characteristics of each drive transistor are determined;

(k) simultaneously testing the first and second electrolumi-
nescent devices by opening the first and fourth switches,
and closing the second and third switches, using the test
voltage source to turn off both of the drive transistors,
driving a test current using the current source, and using
the voltage measurement circuit to measure the voltage
at the second electrode of the readout transistors to pro-
vide a third signal representative of characteristics of the
pair of electroluminescent devices, whereby the charac-
teristics of both electroluminescent devices are deter-
mined;

(1) selecting a second pixel and a second plurality of pixels
including the second pixel to provide the 1image origi-
nating at the second pixel using the second plurality of
pixels; and

(m) repeating step (1) to change the location of the image
over time.

8. The method of claim 7, wherein the transistors are amor-

phous-silicon thin-film transistors.
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9. The method of claim 7, wherein electroluminescent
devices are OLED devices.

10. The method of claim 7, wherein the second electrode of
cach drive transistor 1s connected to the corresponding elec-
troluminescent device and to the first electrode of the corre-
sponding readout transistor.

11. The method of claim 7, wherein the gate electrodes of
the readout transistors 1n a pair of electroluminescent devices
are connected together.

12. The method of claim 7, wherein the display includes
clectroluminescent devices emitting light of different colors,
and wherein each electroluminescent device 1n a pair emits
light of the same color.

13. The method of claim 7, further comprising changing
the location of the image after a frame that has a maximum
data signal at or below a predetermined threshold.

14. The method of claim 13, wherein the predetermined
threshold 1s a data signal representing black.

15. The method of claim 13, wherein the display includes
clectroluminescent devices emitting light of different colors,
and wherein each color has a predetermined threshold.

16. The method of claim 7, further comprising changing
the location of the image at least once per hour.

17. The method of claim 7, further comprising changing
the location of the image during fast motion scenes.

18. An electroluminescent display comprising

(a) a two-dimensional array of pixel pairs arranged in rows
and columns, the first pixel of the pair having a first drive
circuit and a first electroluminescent device 1n associa-
tion, and the second pixel of the pair having a second
drive circuit and a second electroluminescent device 1n
association, each drive circuit including a drive transis-
tor having first, second, and gate electrodes, and a read-
out transistor having first, second, and gate electrodes,
and including a single readout line for the pixel pair to
which each readout transistor in the pair 1s electrically
connected:

(b) a first voltage source and a first switch for selectively
connecting the first voltage source to the first electrodes
of the drive transistors;

(¢) a second voltage source and a second switch for selec-
tively connecting the electroluminescent devices to the
second voltage source;

(d) a current source and a third switch for selectively con-
necting the current source to the second electrode of the
readout transistors;

(¢) a current sink and a fourth switch for selectively con-
necting the current sink to the second electrode of the
readout transistors;
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(1) a test voltage source for turning the drive transistors on
and off by applying potential to the gate electrodes of the

drive transistors;

(g) a voltage measurement circuit connected to the second
electrode of the readout transistors; and

(h) a controller for sequentially testing each drive transistor
of the pixel pair and for sitmultaneously testing the first
and second electroluminescent devices.

19. The electroluminescent display of claim 18,

wherein the controller sequentially tests the drive transis-
tors ol the pixel pair by closing the first and fourth
switches, opening the second and third switches, using,
the test voltage source to turn on the drive transistor of
the first pixel and turn off the drive transistor of the
second pixel, drawing a test current using the current
sink, using the voltage measurement circuit to measure
the voltage at the second electrode of the readout tran-
sistor of the first pixel to provide a first signal represen-
tative of characteristics of the drive transistor of the first
pixel, using the test voltage source to turn off the drive
transistor of the first pixel and turn on the drive transistor
of the second pixel, and using the voltage measurement
circuit to measure the voltage at the second electrode of
the readout transistor of the second pixel to provide a
second signal representative of characteristics of the
drive transistor of the second pixel, whereby the charac-
teristics of each drive transistor are determined:;

and wherein the controller simultaneously tests the first
and second electroluminescent devices by opening the
first and fourth switches, and closing the second and
third switches, using the test voltage source to turn off
both of the drive transistors, driving a test current using
the current source, and using the voltage measurement
circuit to measure the voltage at the second electrode of
the readout transistors to provide a third signal represen-
tative of characteristics of the pair of electroluminescent
devices, whereby the characteristics of both electrolu-
minescent devices are determined.

20. The electroluminescent display of claim 18, wherein
the second electrode of each drive transistor 1s connected to
the corresponding electroluminescent device and to the first
clectrode of the corresponding readout transistor.

21. The electroluminescent display of claim 18, wherein
the gate electrodes of the readout transistors 1n a pixel pair are
connected together.
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